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In circuit quantum electrodynamics, measuring the state of a superconducting qubit introduces a loss channel which can
enhance spontaneous emission through the Purcell effect, thus decreasing qubit lifetime. This decay can be mitigated by
performing the measurement through a Purcell filter which forbids signal propagation at the qubit transition frequency.
If the filter is also well-matched at the readout cavity frequency, it will protect the qubit from decoherence channels
without sacrificing measurement speed. We propose and analyze design for a mechanical Purcell filter, which we also
fabricate and characterize at room temperature. The filter is comprised of an array of nanomechanical resonators in
thin-film lithium niobate, connected in a ladder topology, with series and parallel resonances arranged to produce a
bandpass response. The modest footprint, steep band edges, and absence of cross-talk in these filters make them a
novel and appealing alternative to analogous electromagnetic versions currently used in microwave quantum machines.
Quantum information processing calls for systems which
are well isolated from their environment, whose states can
nonetheless be measured and manipulated with precision.1
These fundamentally contradictory requirements can be satis-
fied by cleverly engineering devices and interactions between
them. In the circuit QED platform,2–4 nonlinear supercon-
ducting circuits called qubits are used to store and process
quantum information. Their internal states need to be read out
rapidly and with low rates of error. An appealing approach for
this is to couple the qubit circuit to an auxiliary, linear elec-
tromagnetic resonator (often called the readout cavity). Res-
onators have long been used to amplify emission from atoms,
for instance, via Purcell enhancement.5–7 Conversely, qubit
emission into the environment can be suppressed by tuning the
qubit away from the resonator’s frequency by many times the
linewidth and interaction energy. The qubit state is then mea-
sured “dispersively” by monitoring the resonator frequency
for shifts induced by changes in the qubit state3 (although we
note that alternative measurement strategies exist).8
Dispersive shifts of the cavity can be measured and ampli-
fied to demonstrate extremely efficient single-shot measure-
ments of qubits using this scheme.9,10 Nonetheless, the con-
flicting requirements of efficient readout and qubit isolation
persist in the desired properties of the resonator. Fast, effi-
cient readout requires strong coupling between the resonator
and environment. This in turn increases the probability of
qubit relaxation through the resonator in a process called Pur-
cell decay.5,11–13 Purcell filters, often consisting of a second
stage electromagnetic resonator, have been used effectively to
mitigate this process.14–19 As qubit coherence times continue
to improve, the basic limit imposed by Purcell decay will be-
come more important. In principle, progressively higher order
electromagnetic filters can be incorporated, requiring progres-
sively larger components that take up valuable space on a chip.
We propose an alternative solution using ultra-compact,
high-order microwave acoustic filters to isolate qubits from
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the environment and to curtail Purcell decay, using tech-
niques adapted from the telecommunications industry. Low
cross-talk and extremely small footprints make nanomechan-
ical structures ideal for integration with emerging supercon-
ducting quantum machines.20–25 Moreover, recent advances
in fabrication and design of thin-film, high-Q, and strongly
coupled lithium niobate (LN) devices make them well-suited
for such applications.24–26 In this manuscript we outline the
approach and present initial experimental results.
The cavity-qubit interaction is described by the Jaynes-
Cummings Hamiltonian:
HˆJC = h¯ωr
(
aˆ†aˆ+
1
2
)
+
h¯ωq
2
σˆz+ h¯g
(
aˆ†σˆ−+ aˆσˆ+
)
(1)
where ωr is the readout resonator frequency, g is the qubit-
resonator coupling strength, aˆ annihilates photons in the res-
onator, and Pauli operators σˆ act on the qubit. This Hamil-
tonian can be diagonalized into a series of n-excitation sub-
spaces, each spanned by |g,n〉 and |e,n−1〉. For |g|  |∆|,
the “qubit-like” polariton in the first excited subspace is:
|+,1〉 ≈ |e,0〉+ g
∆
|g,1〉 .
The small but finite occupation of the resonator represented
by |g,1〉 can decay to |g,0〉 through the resonator’s output
channel, effectively causing the atom to relax to its ground
state. This loss channel increases the decay rate of the qubit
by γq = κ|〈g,0| aˆ |+,1〉|2 ≈ g2κ/∆2. More generally, we can
use Fermi’s golden rule to calculate the decay of the qubit ex-
cited state |e,n〉 through the resonator:
γq =
g2κ
∆2 +(κ/2)2
−→
∆κ,g
g2
∆2
κ. (2)
This allows us to choose ∆ such that the maximum coherence
time imposed by the Purcell effect 1/γq exceeds the qubit’s T1
due to other sources. With improving qubit design, fabrica-
tion, and materials processing, larger detunings ∆ will be re-
quired to avoid limitation by Purcell decay. However, increas-
ing ∆ also increases the amount of time required to make a
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FIG. 1. Dispersive qubit readout. a. Conventional schematic for
measuring the energy state of a superconducting qubit (orange) with
a transition frequency ωq. The qubit is coupled at a rate g to a linear
resonator (pink) with a fundamental resonance at ωr, which decays
at a rate κ to its input and output transmission line (blue). The cou-
pling rates g and κ are controlled by the capacitances C1 and C2. b.
By driving the auxiliary resonator through the passband of a Purcell
filter (green), one can modify the external dissipation presented to
the resonator and qubit, so that now κ and consequently T1 include
a frequency dependence. c. To derive the filter’s effect on qubit life-
time, we replace the filter and environmental dissipation with their
equivalent impedance Zext and the qubit with its impedance Zq. The
resonator response is encapsulated by its admittance matrix Y, taken
with respect to nodes 1 and 2.
measurement, which allows for more errors to be introduced.
This inconvenience, as well as other practical concerns with
operating at large detunings, has led the to design and im-
plementation of Purcell filters. These filters, previously com-
posed of electromagnetic resonators, protect the qubit from
the Purcell decay channel while maintaining the ability to do
fast measurements by operating with relatively small ∆.
A Purcell filter can be considered to be a bandpass filter
(Fig. 1), which performs an impedance transformation on the
dissipative bath of the environment, through which the linear
resonator can be probed. Placing the qubit frequency outside
the passband where the filter presents an impedance mismatch
isolates the qubit from decoherence channels of the vacuum;
placing the resonator frequency within the passband allows a
microwave tone to pass through unimpeded and probe the res-
onator frequency. The resonator can be strongly coupled to its
feed line (large κ), allowing signal to pass through the cav-
ity quickly for fast qubit state measurement, without risking a
reduction in qubit lifetime.
In design and analysis, we treat the mechanical filter as a
two port microwave system connected at one end to a regular
transmission line and at the other end to the readout resonator
(Fig. 1). The impedance Zext(ω) seen by the resonator cap-
tures all properties of the filter element relevant to qubit op-
eration. In this section, we develop an understanding of how
Zext(ω) affects qubit readout and Purcell decay.
A relevant figure of merit for a Purcell filter is the ratio of
qubit lifetimes with and without the filter. In this ratio the ca-
pacitance C2 is adjusted to keep the resonator linewidth fixed.
We can derive this by analyzing the measurement circuitry
depicted in Fig. 1c, in which the capacitances C1 and C2 are
assumed to be small. The admittance matrix for the entire
system, with respect to nodes 1 and 2, is given by:
Y+
[
1
1/iωC1+Zq
0
0 11/iωC2+Zext
]
≈ Y+
[
ω2C21Zq 0
0 ω2C21Zext
]
where we absorb the reactive part of the admittance matrix
with Y into Y. We solve for the resonances by setting the
determinant of the above expression to 0. These solutions
are small deviations from the uncoupled case: the resonator
mode shifts to ωr +δωr and the qubit frequency that satisfies
Zq(ωq)→ ∞ shifts to ωq + δωq. Keeping lowest-order terms
in the small capacitances we find:
δωr =+
ω2r C21Y22(ωr)
Y ′q(ωq)∆λ
− ω
2
r C
2
2Zext(ωr)Y11(ωr)
λ
δωq =−
ω2qC21Y22(ωq)
Y ′q(ωq)∆λ
+
ω4qC21C
2
2Zext(ωq)Y22(ωq)Y11(ωq)
Y ′q(ωq)∆2λ 2
where we introduce λ = ddω detY(ω)
∣∣
ω=ωr
, Yq(ω) =
1/Zq(ω), and Y ′ = dY/dω . The coupling strength g can
be found by equating the shift of the cavity frequency to
2g2/∆ and approximating |∆|  ωq,r. This is given by g2 ≈
−ω2qC21Y22(ωq)/Y ′q(ωq)λ . Dissipation from the external en-
vironment Zext introduces a small imaginary component to the
frequency shifts, from which we extract the resulting qubit
and resonator linewidths γq,κ = 2Imδωq,r to find:
γq =
g2
∆2
ReZext(ωq)
ReZext(ωr)
κ. (3)
Without a filter, when Zext(ωr) = Zext(ωq) = Z0, this reduces
to the familiar Purcell decay rate of Eq. (2). The filter adds
an extra degree of protection from spontaneous emission, a
“filter factor" which is the ratio of the resistances seen by the
qubit and resonator at their respective frequencies.
The mechanical Purcell filter is based on a ladder net-
work of piezoelectric oscillators, inspired by methods that
are ubiquitous in classical RF and telecommunications
technology.27,28 A ladder filter electrically connects series and
shunt resonators with frequencies carefully chosen to produce
a bandpass response (Fig. 2, 4a). The series resonators are
identical to each other, as are the shunt (parallel) resonators.
Each single-resonator electrical response is described by
its admittance Y (ω) = 1/Z(ω) where Z(ω) is the electrical
impedance. This response is well-modeled by a Butterworth-
van Dyke (BVD) equivalent circuit (Fig. 2).27–30 It is im-
portant that the antiresonance of the parallel resonators – the
zero in the admittance Yp(ω) – is placed at the series reso-
nance, or the pole in Ys(ω) (Fig. 4a). This frequency defines
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aluminum
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FIG. 2. Nanomechanical ladder filter design. a. Ladder topology
of order 3 in which each colored block represents an acoustic ele-
ment. Three identical series resonators (blue) at ωs are shunted by
two identical parallel resonators (orange) at ωp 6= ωs. The high-
lighted element is detailed in (b) for its electrical response and (c)
for its basic physical design. b. Butterworth-van Dyke equivalent
circuit that models a single mechanical resonator. The transducer’s
electrostatic capacitanceCg is connected in parallel with a series RLC
that describes acoustic activity. c. Diagram of a single resonator. A
suspended plate of lithium niobate is patterned with aluminum inter-
digitated transducers of pitch a and width W .
the center of the passband: here, the parallel resonators have
maximal impedance, while the series resonators have minimal
impedance, so a microwave signal passes easily through the
filter. The spacing between each resonance fR and its antires-
onance fA is given by k2 = (pi2/8)( f 2A− f 2R)/ f 2A.29 Thus k2,
which depends strongly on the material platform, determines
filter bandwidth. The BVD circuit elements fully parame-
terize the frequency (ωm = 1/
√
LC), piezoelectric coupling
(k2 = pi2C/8Cg), and quality factor (Q= pi2/8ωmCR ).29
Intriguingly, we find that while the quality factor of the res-
onators contributes to insertion loss in the passband as well
as less sharply defined band edges, it is not a strong limiting
factor in filter performance (Fig. 4b). Finally, we note that
piezoelectric coupling efficiency can be tuned during fabrica-
tion by rotating the orientation of the IDTs with respect to the
crystal axes (Fig. 5a). It can also be increased by patterning
larger transducers, with longer electrodes (wider resonators)
or a larger number of interdigitated pairs.
We fabricate our devices on X-cut LN with a process sim-
ilar to that described in Ref.24 We measure the scattering pa-
rameters of fabricated filters using a calibrated vector network
analyzer (VNA) at room temperature and atmospheric pres-
sure. Reflection and transmission are analyzed to calculate
the filter enhancement factor on qubit lifetime.
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FIG. 3. Device layout. a. Optical micrograph of the filter analyzed in
Fig. 5b. Each series resonator (middle row) is shunted by two parallel
resonators with total admittance Yp. This geometry is chosen to sym-
metrize electromagnetic fields about the signal line. Where the LN
film has been released from the silicon substrate, it appears purple,
while unreleased regions appear green. Etched gaps in the LN film
appear black. Aluminum electrodes and surrounding ground plane
(grey) are designed to be contacted by a three-point (ground-signal-
ground) coplanar waveguide probe. Transmission measurements in
Fig. 5 are made with respect to the indicated ports 1 and 2. b. Op-
tical micrograph detailing the sixth series resonator, highlighted in
(a). This resonator has pitch a = 1.487µm, width W = 25µm, and
N = 4 IDT pairs. c. Scanning electron micrograph detailing the elec-
trode geometry of (b). d. Finite-element simulation of a longitudinal
Lamb mode at ω = 2pi × 3.74 GHz. The z-component of displace-
ment uz(r) and corresponding electrostatic potentialV (r) are plotted.
The coordinate system corresponds to the LN crystal axes.
as (µm) Ns Ws (µm) ap (µm) Np Wp (µm) θ (o) order
1.489 4 15 1.500 4 50 0 6
1.487 4 25 1.500 4 50 10 6
1.466 4 25 1.500 4 50 30 6
1.365 4 25 1.500 6 50 60 6
Zext(ω) and consequently the filter factor appearing in Eq.
(3) can be deduced from calibrated microwave characteriza-
tion. In particular, the environmental impedance can be ex-
tracted from a filter’s scattering parameters as:31
ReZext = Z0
1−|S11|2
|1−S11|2 . (4)
This expression is used to infer the reduction in Purcell de-
cay rate γq with the addition of the filter. We calculate un-
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FIG. 4. Circuit analysis. a. Filter response for different detunings of
the series resonance as computed by the BVD model. b. Filter re-
sponse forωp = 2pi×3.00 GHz andωs = 2pi×3.18 GHz for different
values of Qs =Qp =Q. c. Projected enhancement of qubit relaxation
time T1 with the addition of a Purcell filter, with the readout resonator
frequency centered in the passband at ωr = ωs = 2pi × 3.18 GHz.
This enhancement is calculated according to Eqs. (3) and (4) for
the geometry corresponding to the bold traces in (a), which matches
the Q = 800 trace in (b). The sharp dip in filtered T1 at 3.35 GHz
corresponds to the series antiresonance of the filter.
filtered Purcell-limited as well as filter-enhanced coherence
times for a qubit-resonator system with constant g and κ . The
bare Purcell rate is calculated by diagonalizing Eq. (1), using
a single-mode resonator model, without assuming g ∆ in
the mixing angle tan2θn = 2g
√
n/∆.32,33 We see from Fig. 5b
that the filter can be used to realize nearly two orders of mag-
nitude enhancement of the qubit lifetime over the unfiltered
system. The sharp dips in the filtered T1 spectrum correspond
FIG. 5. Filter characterization. a. Room temperature transmission
spectra for four devices. Each device is rotated (as indicated) coun-
terclockwise to produce an angle θ between the mechanical propaga-
tion direction and the LN extraordinary axis. The center frequencies
are shifted by ±100 MHz to align the passbands for ease of viewing.
The labeled x-axis values correspond to the the 10o device (blue),
which we further analyze with respect to qubit relaxation time. b.
Calculated raw Purcell-limited and filter-enhanced coherence times
T1 as a function of qubit frequency. This model centers the resonator
frequency ωr = 2pi × 3.70 GHz in the filter passband, and assumes
constant coupling to the qubit g= 2pi×10 MHz and resonator decay
rate κ = 2pi × 10 MHz. Filtered T1 is calculated from Eqs. (3) and
(4) using S11 measurements from the 10o device shown in (a).
to spurious mechanical resonances of the filter.
We have proposed and realized mechanical Purcell filters
that use nanomechanical elements in a qubit-compatible plat-
form. Using room temperature measurements, we quantify
the expected enhancement of qubit coherence time for a range
of qubit frequencies around the center of the passband. We
demonstrate that the bandwidths of these filters can be tuned
by design, reaching up to 220 MHz, which is broad enough to
accommodate many strongly coupled resonators for fast, mul-
tiplexed qubit readout. Quantum acoustic systems have been
proposed as means of realizing new regimes of quantum op-
tics, quantum memory elements for processors, and quantum
state converters for networking. Our work opens a new space
in the field by suggesting an application for quantum acoustic
systems that can impact development of quantum machines.
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